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LITTING-SURFAOE-THl@W VALUES OF THE DAMPING”

.II?ROLL AND OF ~ PARAMETER USED IN

ESTIMATING AILERON STICK FORCES

By Robert S. Swanson and E. LaVerne Prlddy

An investigation was made by
theory of a thin elliptic wing of

lifting-surface
aspect ratio 6

in a steady roll by means of the electromagnetlc-
analogy method. From the results, aspect-ratio
corrections for the dahping in roll and aileron hinge
moments for a wing in steady roll were obtained that
are considerably more accurate than those given by
lifting-line theoqy. First-order effects of com-
pressibility were included in the computation~.

The results obtained by lifting-surface theory
indicate that the damping in roll for a wing of aspect
ratio 6 is 13 percent less than that given by lifting-
line theory and 5 percent less than that given by
lifting-line theory with the edge-velocity correction
derived by Robert T. Jones applied. The results.are
extended to wings of other aspect ratios.

In order to estimate aileron stick forces from
static wind-tunnel data, it 1s necessary to know the
relation between the rate of change of hi~e moments
with rate of roll and rate of ohange of hinge moments
with angle of attack. The values ,ofthis ratio were
found to be very nearly equal, within the usual accuracy
of wind-tunnel measurements, to the values estimated
by using the Jones edge-velocity correction, which for
a wing of aspect ratio 6 gives values 4.4 percent less
than those “obtainedby lifting-line theory. An
additional lifting-surface-theorycorrection was

. .— . —— - —- .
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calculated but need”not be applled except for fairly
large high-speed airplanes,

Mmple practical methods of applying the results
of’the investigation to wi~s of other plan forms are
given. No knowledge of Mftlng-surface theory is
required to apply tineresults.” In
an understanding of’the procedure,
example is given.

INTRODUCTION
.

.“

order to facilitate
an illustrative

.

One of the many aerodynamic problems for which
a theoretical solution by means of lifting-line theory
might be expected to be Inadequate 1s the case of a
wing in steady roll. Robert T. Jones has obtained In
an unpublished analysis slmllar to that of reference 1
a correction to the lifting-line-theory values of the
damping in roll that amounts to an 8-percent reduction
in the values for a wing of dspect ratio 6. Still more
accurate values may be obtained by use of liftlng-surface
theory.

A method of estimating aileron stick forces in a
steady roll from statfc wind-tunnel data on three-
dimenslonal models Is presented In reference 2. This
method Is based upon the use of charts giving the
relation between the rate of change of hinge moment with
rate Of rOll ChD and the rate of change.of hinge .

moment with angl~ of attack C% in the form of the
—

HChparameter
()apCh= ~, which is detemlned by means

.,
of lifting-line theo~.– It was pointed out in reference 2
that the charts tight contain fairly large errors which
result from neglecting the chordwise variation In
vorticity and from satisfying the airfoil boundary condi-
tions at only one point on the chord as Is done in
lifting-line,theory. A more exact determination of the
parameter

\ap)Ch is desired. In reference 3 an addi-

tional aspect-ratio correction to c~ as determined

from lifting-surface theory 1s presented. In order -
to evaluate the possible errors in the values of

()aP Ch
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as determined by lifting-line theory, it Is neoessary “
50 determine similar additional aspect-ratio corlwctlons
to, -~hp=, ,.,.

A.description of the methods and equi~ent required
to solve liftlng-surface-theoryproblems by means of
an electromagnetic analogy 1s presented In reference 4.
An electromagnetic-analogymodel simulating a thin
elllptlc WI

Y
of aspect ratio 6 In a steady”rollwas

constructed fig. 1) and the magnetic-field strength
simulating the induced downwash velocities was measured
by the methods of reference 4. Data were thus obtained
from which additional aspect-ratio corrections to Chp fOr
a wing” of aspect ratio 6 were de.te?nnlned.

Because of the small magnitude of the correction
to

()‘P Ch introduced by the lifting-surface calculations,

it W8S hoi considered worth while to conduct further
experiments on winge of other plan ,forms. An attempt
was therefore made to effect a reasonable generalization
of the results from the available data.

Inasmuch as the theory used in obtalnlng these
results is rather complex and an understanding of the
theory Is not necessary in order to make use of the
results, the material presented herein Is conveniently
given In two parts. Part I gives the results in a

~ form suitable for use without reference to the theory
and part II gives the development of the theory.

SYMBOLS

a
.

cl

CL

Ch

angle of attack (radi&s, unless otherwise
stated)

section lift coefficient
0
Lift
T

wing Mft coefficient
()
Lift
~

hinge-moment coefficient
( )

Hinge moment

rolling-moment coefficient
(~b

Rolllr moment
q )

——_ . ..-.. -.— 1“— — —. ..— ——
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pb/2V

r

cl
P

Chp

c%

()‘P ~h

c

‘s

Cb

Ca

Za

x

Y

ba

b/2
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. . .,.
. .

slope of the section lift curve for incom-
pressible flow, per radian unless otherwise
stated

wing-tip hellx angle, radians

circulation strength

damping coefficient; that is, rate of change
of rolling-moment coefficient with rate

()ac~of roll
b (pb/2V)

rate of change of hinge

‘0” ~g?w,)

rate of ;hange of hinge

()

bCh
attack

T

moment with rate of

moment with angle of

rate of change of wing lift coefficient

()

?)c~
with anEle of attack

F

()

Ch
absolute value of the ratio

+ha

wing chord

wing chord at plane of symmetry

balance chord of aileron

chord of aileron

aileron root-mean-square chord

chordwise distance from wing leading edge

spanwise distance from plane of symmetry

aileron span

wing Semispan “
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F~

es

(ia

A

A=

A

M

w

v

q

E

El

F

‘fi

$

0

.....

area of wing .,

-weight.of.airpl.we......-. ....,,,,.... ,-,- ... .

stick force, pounds

stick deflection, degrees

aileron deflectlonz degrees, positive downward

aspect ratio

equivalent aspect ratio In compressible

f,.. ~m)

taper ratio, ratio of fictitious tip chord
to root chord

free-stream Mach number

vertical component of induced velocity

free-stream velocity

()free-stream dynamic pressure $pv2

edge-velcci.tycorrection factor for lift

edge-veloclty correction factor for rolling
moment

htnge-moment factor for theoretical load
caused by streamline-curvaturecorrection
(reference 5)

experimentally determined reduction factor for
F to Include effects of viscosity

trailing-edge angle, degrees

parameter defining spanwfse location
&oS-’ *)

constants r
. ..

Subscripts:

m lifting-l!ne theory .
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llfting-sqrface theory

edge-velocity correction

streamline curvature

maximum

outboard

inboard

effective

compressibility equivalent .

APPLICATIONOFM ?3THODT0

STICK- FORCE ESTIM

GENERAL METHOD

The values of the damping In roll

AT IONS

%p presented

in reference 2 were obtained by applying the Jones
edge-velocity correction to the lifting-line-theory
values. For a wing of aspect 6, the Jones edEe-velocity
correction reduces the “valuesof Clp by about 8 percent.

From the data obtained on the electromagnetic-analogy
model of the elliptic wing of aspect ratio 6, a more
accurate correctlo~~to CZn for this aspect ratio

could be calculated. The %mping in roll was found
to be 13 percent less than that given by lifting-line
theory. The results were extended to obtain values
of CID for wings of various aspect ratios and taper

.
ratioe. These values”are presented In figure 2. The

p~ameter = is Included In the ordinates and
abscissasto account for first-order compressibility
effects. The value of ao to be used in figure 2

Is the value at M = O.

.

The method of estimating aileron stick forces
Ch

requiresthe use of the parameter
() Pl‘p Ch=l ha”
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Because c% can be found from the static wind-tunnel.... ............
data, it is “posslbld-%o’deke”~~nb ChD and thus the

effect of rolling upon the aileron.st~ck forces
If

()‘P Ck 1s known. In order tq.avoid measuring c~

at all po~nts to be computed, tHe effect of rolling Is
usually accounted for b~ estimating an effeotlve angle
of attack of the rollhg wing such that the static
hinge moment at this ~le 1s equivalent to the hinge
moments during a roll at the initial angle of attack.
The effective angle of attack is equal to the initial
angle of attack corrected by an incremental angle (Aa)c%
that accounts for rolllqg, ,where

-AA

The value of (Aa)Ch is added to the initial a for

the downgoi.ngwing and subtracted from the initial a
for the upgolng wing. The values of Ch corresponding
to these corrected values of a are then determined
and are converted to stick force from the known d-ynamlo
pressure, the aileron dimensions, and the mechanical
advantage.

The value of pb/2V to he used In equation (1)
for determining (Aa)Ch Is (CS explained in reference 2)
the estimated value far a ri~id unyawed wing; that 1s,

The value of Cl to be used In calculating pb/2Y
should also be corrected for the effect of rolling.
The calculation of pb/2V Is therefore detemnlned by
successive approximations. For the first approxi-
mation, the static values of Cl are used with the
value of Clm from figure 2. From the first-approxi-

mation values of pb/2V, an Incremental angle of
attack (Aa)Cl is estimated. For all practical purposes,

()ap ~t = ()apCh .

. .—. --- .—- .— — .-— —-— .—— .- .-..
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and from equation (1),

(Aa)cl= (c&&

Second-approxtiation”values of Cz ~an be determined
at the effsctlve anEles of attack a+ Aa and a - Aa.
The second-approximationvalue of pb/2V obtained from
this value of Cz 1s usually sufficiently accurate
to make further approxhations unnecessary.

In order to estimate the actual rate of roll,
values of pb/2V for the rigid Unyawed wing must be
corre~.tedfor the effects of wing flexibility and
airplane yawing motion. An empirical reduction factor
of 0.8 has been suggested for use when data on wing
stiffness and stability derivatives are not available
to make more accurate corrections. Every attempt should
be made to obtain such data because this empirical
reduction factor is not very accurate - actual values
varyhg from 0.6 to 0.9. The improvement in the
theoretical values of Cl

!
obtained by use of llftlng-

surfacb theory herein is ost if such an empirical factor
1s used. In fact, if more accurate corrections for
wing twist and yawing motion are not made, the empirical
reduction factor should be reduced to 0.75 when the more
correct values of Czp ~iven in figure 2 are used.

The values of
()aP c~ presented in reference 2

were obtained by graphica~ly integrating some publlshed
span-load curves determined from lifting-line theory.
Determination of this parameter by means of the lifting-
surface theory presented herein, Pmwever, gives somewhat
more accurate values and indicates a variation of the
parameter with aspect ratio, taper ratio, aileron span,

Mach’number, c% $

In practice, a

lifting-line-theory

and the parameter Fq
-

value of
()aP Ch

equal to the

value of
~ap)ch,.~m

(see appendix)

times the Jones edge-velocity correc~~on
&+4 AcZc+2

parameter ~ ~E, c + 4 Is probably sufficiently

accurate. The incremental angle of attack (Aa)Ch is then
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(Aa)Ch = & (aP)CbW

........> .,,.,-............... . ... .... .. ........“----‘-’-<-A~+-4ACEC- + 2L b

= kp)ch~ _ AcE’c + 4 ~ ‘2)

If further refinement in estimating the stick force
1s desired, a small additional lffthg-surface-theory

COrreCtiOII Ach = ‘(chp)m& MaY be added to the

hinge moments determined. For wings of aspect ratios of
from about 4 to 8, values of this qdditlonal lif’ting-
surface-theory correotlon are within the usual accuracy
of the measurements of hinge moments in wind tunnels;
that 1s,

for a pb/2V of 0.1 and therefore need not be applied
except for very accurate work at high speeds on large

()
&+4

airplanes. Values of are given inap Chu ~

figure 3. The effective aspect ratio Ac = A~~2
Is used to correct for first-order compressibility effects—

ACEC + 2
and values of ACE!C + 4 are given as a function of Ac

in figure 4. Values of the correction

are given in figure 5 as a function of Ac, and values—

of F are given In figure 6.
(ca/c)2

The value of m is

approximately 1 - 0.0005J7F. The values of cb/ca given
In figure 6 are for control surfaces with an external
overhang such as a blunt-nose or F’riseoverhang. For
shrouded overhangs such as the Internal balance, the
value of Cb/Ca should be multiplied by about 0.8 before
using figure 6.

If the wind-tunnel data are obtained in low-speed
wind tunnels, the estimated values of Ctp and

()a~ Ch
should be determined for the wind-tunnel Mach number

I — —— —
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.

(assume M =0). Otherwise the tunnel data must be
corrected for oompressibtlity effects and present
methods of corractlng tunnel data for compressibility
are believed unsatisfactory.

IIJXM!TRA’IIVEEXAMPLE

Stick forces are computed from the results of the
wind-tunnel tests of the 0.40-scale semispan model of
the wing of the saqe typlcai fighter airplane used
as an Illustrative e~ample In reference 2. Because
the wind-tunnel data were obtained at low speed, no

- corrections were applied fpr compressibility effects.
Because this example is for illustrative purposes
only, no computations were made to determine the effects
of yawing motion or wing twist on the rate of roll but
an empirical reduction factor was used to take account
of these effects.

A drawing of the plan form of the wing of the model
is presented in figure 7. The computations are made at
an ind!cated airspeed of 250 miles per hour, which
corresponds to a lift coefficient of 0.170 and to an
sngle of attack of 1.3°. The data required for the
computations are as follows:

Scaleofmodel. . . . . . . . . . . . . . . . . . 0,40
Aileron span, ba, feet. . . . . . . . . . . . . 3.07
Aileron root-mean-square chord Za, feet . . . 0.371
Trailing-edge angle, $, degrees . . 13.5
Slope of section lift curve, % # ~e; ~e&;e” . 0.094
Balance-aileron-chord ratio, cb/ca . . . . . . .
Aileron-chord ratio, CJC , (cons~a~t) . . . . . 0.%

Location of inboard atleron tip, ~ . . . . .. Q.58

Location of ~utboard aileron tip, Yo—.. . . . . 0.98
b/2

Wing as~ectratlo, A... . . . . . . . . . . . . 5.55
Wing taper ratio, A... . . . . . . . . . . . . 0.60
Maximum aileron deflection, ~amx~ degrees . . . . *16
blaxlmumstick deflection, es~xs degrees . . . . . *21
Stlcklength, feet..... . . . . . . . . ...2.00
Aileron-linkage-system ratio . . . . . . . . . . . . 1:1
Wing loadl~ of airplane, W/S, pounds per

square foot . . . . . . . . . . . . . . . . . . 27.2
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The required “wind-ttumel test resul-tsInclude
rolling-moment coefficients and hinge-moment coefficients
corrected for the effects of the jet boundaries, Typical “
data plotted against aileron deflection are presented
in figure 8. These same coefficients cross-plotted
against angle of attack for one-fourth, one-half, three-
fourths, and full aileron deflections are given in
figure 9. The value of c@. as determined from

figure 2 Is 4.02 and the vaiue of Clp is 0.378. The
..

()
AC+4ACEC+2

value of ap
ChLL~ A

used in equation (2)CGIC + 4

to determine (da)Ch is found from figures 3 and 4 to

be 0.565 and is used to compute both the rate of roll and “
the stick force.

In order to facilitate the computations, simultaneous
plots of Cz ad (As)Ch against pb\2V were made

(fig. lo). .

The steps in the computation will be explained in
detail for the single case of equal up and down aileron
deflections of 4°s

(1) From f’lgure9, the valuesof Cl corresponding
tO 5a = 4° ~d &a = -4° at a = 1.30 are 0.0058
and -0.0052, respectively, or a total static CL
of 0.0110.

(2) A first approximation to (Aa)ch taken at the

value of pb/2V corresponding
8

to Cz = 0.0110 in
figure.10 Is found to be 0.95 .

(3) Second-approxi&:::n :;ues of Cl (fig. 9)
are determined at a = 6a = 40 ~d at a = 2.250
for 8a=-40, which @v~ a total CL of 0.0112.

(4) The second approximation to (Aa)ch is now

found from figure 10 to be 0.96°, which Is sufficiently
close to the value found tn step (2) to make any additional -
approximations unnecessary.

.—- .—
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(5) By use of the value of Ct from step

value of * = 0.0300 Is obtained from figure
2V

No. L5F23

(3), the

10.

(6) From figure 9 the hinge-moment coefficient
corresponding to ~a = 40 and the corrected angle of
attack a = 0.34° 1s -0.0038 and for 5a = -4°
and a= 2,26° is 0.0052. The total Ch iS there-
fore 0.0090.

(7) The stick force in pounds is calculated from
the allergn-linkage-system data, the aileron dimensions,
the increment of hinge-moment coefficient, and the lift
coefficient as follows:

Stick force.% Travel = Hinge moment x Deflection

where the hfn~e moment is equal to - 2“ and theChqbaca
motion is linear.

Substitution of the appropriate values in the
equation gives

‘s %+ ‘ & Chqba~a2

and the wing loading is

ii
= qcL “

= 27.2

Therefore,

Fs

or

Thus, when

Fs = 6Q.4

Ch = 0.0090 and CL

Ch

~L

= 0.170,

= 3.62 pounds
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.. TM’s stick--forceAs thst due .to..ai.lerondeflection and
has been correoted by ap

() as determined.with the
%?Jones edge-velocity correction applied to the lift@-

llne-theory value.

(8) The small additional lifting-surfacecorrection
to the hinge moment (fig. 5) is obtained from

‘(’h,)Mw =‘no’”’

n=l” 0.0006(W5)2

= G.91

From figure 6,

Therefore,

()~Chp = 0.0207 X 0.91 X 0.55 “-
m

= 0.0103

and

(hA%S = 0.0103 x 0.03 “ .

= 0.0003

(9) The AF~ due to the additional llftlng-
surface correction of step

4Fg =

=

(8) may be expressed as

()68.4 ‘ Ch ~S
0.170

0.1334pound
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Total stick force = F~ + AF~

= 3.62 + 0.124

= 3.74

The stick-force com~utatlons for a range of aileron
deflection are presented in table I. The final stl.ck-
fcmce curves are

f
resented In figure 11 as a function of

the value of pb 2V calculated for the rlgld unyawed
wing. For comparison, the stick forces (fir~t-approximation
values of table.I) calculated by ne@ecting the eff’ect
of rolling are also prasented. Sttck.force characteristics
estimated for the flexible airplane with fixed rudder
are presentea in figure 11. The values of pb/Z2V obtained
for the rigid unyawed wing were simply reduced by applying
an empirical factor of 0.75 as indicated by the approxi-
mate rule sug~ested in the preceding section, No calcu-
lations of actual wing twist or yaw and yawing motion
were made for this example.

II - DEVELOPMENT OF METEOD

The method for determining values of Cz and Chp

is based on the theoretical flow around a win: in steady
roll with the introduction of’certain emplrlcal factors
to take account of vl~cosity, wing twist, and minor
effects. The theoretical solutlon is obtained by means
of an electromagnetic-analogymodel of the lifting
surface, which simulates the wing and itc wake by current-
carrying conductors In such a manner that the surrounding
magnetic field corresponds to the velocity field about
the wing. The electroma~etic-analogy method of obtaining
solutlons of llfting-surface-theoryproblems is discussed
In detail In reference 4. The present calculations were
limited to the case of a thin elliptic wing of aspect
ratio 6 rollin~ at zero angle of attack.
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. . ,---- . ~~TROMAG~IC-ANALOGY MODEL.- .-.,

Vortex Pattern

In order to construot an electromagnetic-analogy
model of the rolllng wing and wake, It Is necessary
to determine first the vortex pattern that is to
represent the rolling wing. The desired vortex
pattern is the pattern calculated by means of the
two-dimensional theories - thin-airfoil theory and
llfting-line theory. The additional aspect-ratio
corrections are estimated by determining the difference
between the actual shape of the wing and the shape that
wo~d be required to sustain the lift distribution or
vortex pattern determined from the two-dimensional
theories.

For the special cases of a thin elliptic wing at
a uniform an@e of attack or in a steady roll, the
lifting-line-theoryvalues of the span load distribution
may be obtained by means of simple calculations (refer-
ence 6). The span load distributions for both cases
are equal to the span load distributions determined
from strip theory with a uniform reduction in all
ordinates of the span-load curves by an aerodynamic-

lnduction factor. This factor is & for the wing

at a uniform angle of attack and .+4 for the wing in

steady roll. The equation for the load at any spanwise

station * of a thin elliptic wing at zero angle of
b/2

attack rolling steadily with unit wing-tip helix angle
pb/2V is therefore (see fig. 12)

(3)

I
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chordwlse circulation function & from thti-
Cc~v

theory for an incllned flat plate is

1=-
7T

where x/c

f16. 13 fOr

p’-(:f+--’l. % ,,,](J
is measured from the leadlng edge. fSee

\

The vortex pattern is determined from li.ftlng-
li.netheory as the product of the spanwise-loading

function
pcz

m
and the chordwise circulation

function
+ for all points on the wing and in the

wake; thus,

2r = Cct 2r
caV(pb/2V) c~(pb/2V) cctv

Contour llnos of this product detemine the
vortex pattern of the rolllng wing.
are shorn in figure 14. The contour
in terms of the parameter

nn

[*]

rwhich reduces to —.n
~max

Ten of
equivalent
these lines

lines are given

Construction of the Model

Details of the construction of the model may be
seen from the photographs of figure 1. The tests were
made under very nearly the same conditions as were the
tests of the preliminary electromagnetic-analogymodel.
reported in reference 4. The span of the model was



..

HACA ARR N- L5F’23 17

twice that of the model.of..ref@enc.e4.(,6.56f% tns,tead
of 3.28 ft), but since the aspect ratio Is twice as
large (6 Instead of 3),.the ma”xlmumchord Is the same.

In order to simplify the construction of the modal,
only one semispan of the vortex sheet was simulated.
Also, In order to avoid the large “concentrationsof
wires at the leading edge and tips of the wings this
semlspan of the vortex sheet was constructed of two
sets of wires; each of the “wfres”in the set representtig
the region of high load grading simulated a larger

()
‘incrementof A ~

r
than the wires In the set

representing the r~.on of ,1OWload grading.

Downwash Meaaure~,ents

The magnetic-field stre’ngthwas measured at 4 oh 5
vertical heights, 15 spanwise locatlons, and 25 to 50
chordwise stations. A number of repeat tests were made
to check the accuracy of the measurements and satisfactory
checks were obtained.

The electric current was run through each set of
wires separately. With the current flowing through one
set of wires, readings were ts&en at points on the model
and at the reflection points.and the sum of these readings
was multiplied by a constant determined from the increment

of vorticity A
()&

represented by that set of wires.

Then, with the curren flowing through the othe~ set of
wires, readings were taken at both real and reflection
points and the sum of these readfngs was multiplied by
the appropriate constant. The induced downwash was thus
es%lmated from the total of the four readings. The fact
that four separate readings had to be added together did
not result in any particular loss in accuracy, because
readings at the missing semlspan were fairly small and
less Influenced by local effects of the incremental .
vortices. A more accurate vortex distribution was made
possible by using two separate sets of wires. The measured
data were faired, extrapolated to zero vertical height,

and converted to the downwash function
&x

as dis-

cussed in reference 4. The final curves of & are

.—
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presented for the quarter chord, half chord, and three-
quarter chord in figure 15. Also presented in f18ure 15

are values of ~~ calculated by lifting-line theory

a~d values calcula ed by llfttig-llne theory as corrected
by the Jones edge-velocity correction.

DEVELOPMENT OF FORMULAS

General Discussion

Lifting-surface corrections.- The measurements of
the magnetic-field strength Induced downwash) of the
electromagnetic-analogymodel of the rolling wing give
the shape of the surface required to support the distri-
bution of lift obtained by lifting-line theory. Correc-
tions to the spanwise and chordwise load distributions may
be determined from the difference between the assumed
shape of the surface and the shape indicated by the
downwash measurements. Formulas for determining these
corrections to the span load distributions and the rolllng-
and hinge-moment characteristics Iiavebeen developed in
connection with jet-boundary-correctionproblems (refer-
ence 5). These formulas are based on the assumption
that the difference between the two surfaces Is equivalent
at each section to an increment of angle of attack plus
an increment of circular camber. From figure 15 it may
be seen that such assumptions are justified since the
chordwise distribution of downwash is approximately
linear. It should be noted that these formulas are based
on thin-airfoil theory and thus do not take into account
the effects of viscosity, wing thickness, or compressi-
bility.

Viscosit .- The complete additional aspect-ratio
corre-sists of two parts. The main part results
from the streamline curvature and the other part results
from an additional Increment of induced angle of attack
(the angle at the O.SC point) not determined by lifting-
llne theory. The second part of the correction is
normally small, 5 to 10 percent of the first part of
the correction. Some experimental data indicate that the
effect of viscosity and wing thickness is to reduce the
theoretical streamline-curvaturecorrection by about
10 percent for airfoils with small trailing-edge angles.
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Essentially.the,S*P final”ahswer ~s therefore obtained
whether the correctiong””””ard’tipp”lfed’‘int~” “parts:(as
shouzd be done, strictly speaking) or. whethe”rthey are
applied in one part by use of the full theoretical value ...
of the streamline-curvature correction. The added
simplicity of using a single correction rather than
applying it in two parts led to the use of the method of
application of reference 3.

The use of the single correction.”workedvery well’
for th-sailerorrs.uf reference.~, ,whichwere ailerons with
small trailing-edge angles. A study IS In progress at
the Langley Laboratories of the NACA to determine the
proper aspect-ratio corrections for ailerons and tail
surfaces with beveled trailing edges. For beveled
trailing edges, in which viscous effects may be much
more pronounced than in ailerons with small tralling-
edge angles, the reduction in the theoretical streamline-
curvature correction may be considerably more than
10 percent; also, when C~ is positive, the effects
of the reduction in the streamline-curvaturecorrection
and the additional downwash at the 0.50c point are
additive rather than compensating. Although at present
insufficient data are available to determine accurately
the magnitude of the reduction in the streaml.ine-
curvature correction for beveled ailerons, it appears
that the simplification of applying aspect-ratio correc-
tions in a single step is not allowable for beveled
ailerons. The corrections will therefore be determined
in two separate parts in order ta keep them general:
one part, a streamline-curvaturecorrection and the other,
an angle-of-attack correction. An examination of the
experimental data available Indicates that more accurate
values of the hinge moment resultlng from streamline
curvature are obtained by multiplying the theoretical
values by an empirical reduction factor q wh$ch is
approximately equal to 1 - 0.0005j@ where @ is the
trailing-edge angle In degrees. This factor will
doubtless be modified when further experimental data.
are available.

Compressibilit~.- The effects of compressibility
upon the miditional aspect-ratio corrections were not
considered in reference 3. First-order compressi-
bility effects can be accounted for by application of
the Prandtl-Glauert rule to lifting-surface-theory
results. (See reference 7.) This method consists in
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determining the compressible-flow characteristics of an
equivalent wing, the chord of which is increased by the

ratio — where M is the ratio of the free-

e - M2
stream velocity to the velocity of sound. Because
approximate methods of extrapolating the estimated
hinge-moment and damping-moment parameters to wings
of any aspect ratio will be determined, It is necessary
to estimate only the hinge-moment and damping parameters
corresponding to an equivalent wing with its aspect

ratio decreased by the ratio ~. “ The estimated
parameters for the equivalent wing are then increased

by the ratio —.

/13”

The formulas presented subsequently In the section
“Approximate Method of Extending Results to Wings of
Other Aspect Ratios11are developed for M = 0, but the

figures are prepared by stibstitutlng ~ = A ~1~~
for A and multiplying the parameters as plotted

bY -. The edge-velocity correction factors Ec,
Eec, E~c, and Efec are the factors corresponding to ~.
The figures thus include corrections for first-order
compressibility effects.

Thin Elliptic Wing of Aspect Ratio 6

Damping in roll Cl ~ order to calculate the

correction to the llftfng-line-theory values of the
damping derivative Czp it Is necessary to calculate

the rolling moment tha~ would result from an angle-
of-attack distribution along the wing span equal to
the difference between the measured downwash (determined
by the electromagnetic-analogymethod) at the three-
quarter-chord line and the downwash values given by
lifting-line theory. (See fig. 15.)

Jones has obtained a simple correction to the
lifting-line-theory values of the lift (reference 1)
and the damping In roll (unpublished data) for flat
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elliptic wings. This oorrectlon, termed the ‘Jonas
edge-velocity””correction;ltIS applied by multiplying
the 11.ftlng-llne-theoryvalues of the lift by the

ratio
%+2

~
and the liftlng-line-theoryvalues

AC+4
of the damping h roll by

~E’c -I-4
with values of Ec

and E~c as given In figure 16. As may be seen from
figure 15, the downwash given by the Jones edge-velocity
correction is almost exactly that measured at the
0.50c points for flat elliptfc wings. This fact is
useful in estimating the lifting-surface corrections
because the edge-velocity correction, which is given “
by a simple formula, can be used to correct for the
additional angle of attack Indicated by the linear
difference in downwash at the 0.50c line.

The variation in downwash between the 0.25c line
and 0.75c line, apparently linear along the chord,
indicates an approximately circular streamline curvature
or camber of the surface. The Increment of lift resulting
at each section from circular camber is equal to that
caused by an additional angle of attack given by the
slope of the section at 0.75c relative to the chard line

oor the tangent at 0.50c - that is, w -()
~

v 0.75C v 0.50C”
Because this difference in downwash does not vary linearly
along the span, a spanwise integration is necessary to
determine the streamline-curvatureincrement in rolling
moment; that is,

- (?=’’0.50]%*‘(%) ‘5)
An evaluation of rmx In terms of pb/2V is necessary
to determine the correctlon to the damping-moment
coefficient Cl s The llftlng-line-theoryrelation

P

.. ..-. —.—- .._ . ... _
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between I’u and pb/2V 1s, from equation (3),

‘m.x = %%’@
Vlth the edge-velocity correction applied

~ 2Vb (pb/2V)
max = AcE’c + 4

The value of the streamline-curvaturecorrection
to Cz is therefore

P

()
ACZ =

p Sc Ac;~A; 4~g~ [h+~~.~~e
(

- (-*)O:50J%%+

L5F23

(6)

(7)

A graphtcal integration of equation (7) gives a value

of 0.022 for
()
Ac~

P SC”

By the integration of equation (3), the value
of

()
cl for incompressible flow is found to
Pm
A-— = 0.471 for A = 6.be ;A+4

Application of the edge-velocity correction, for A = 6,
gives

= 0.433

and, finally, subtracting the streamline-curvature
correction gives a value of Czps for A = 6, as
follows:

= 0.411

.i
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CZD..for. ....a wing of aspect ratio 6
1S fiorcentless th-& th~-velu~”~i”venby
theory and 5 percent less than that ,

given fiyllftfng-i~ne theory with the Tones edge-
velocity correctlo~ applied.

Hinge-moment parameter Ch .- The streamline-

curvature correction to C
%

for con9tant-percentage-
chord ailerons is, from re.erence 5 and with the value
or Il=x given h efition (6),

.7

(8)

wk.erethe integrations are made across the aileron span.
Because the downwash at the 0.50c point Is given
satisfactorily by applying the edge-velocity correction
to the lifting-line-theory values of the dmnwash, the
part of the correction to Chp which depends upon the
downwash at the 0.50c pcint nay be detormlnod by means
of the edge-velocj.tycorrection. The effect of aerodynamic
induction was neglected In developing equation (8) bec~use
aerodynamic induction has a very small effect upon the
htnge-mornentconnections cau~ed by ~tremllne curvature.

Values of the factor for various aileron-
‘ctiFc~~dete~ined from thin-chord ratios and balanre ratios

airfoil theory are given In figure 6. As mentioned
previously, q Is a factor t~Aatapproxtiately accounts
for the combined effects of wing thickness and viscosity

in olterlng the calculated values of
-Z&

. The

experimental ~ata ava~lable at present \ ndlcnte.
that ,q = 1 - 0.ooo5@z. Results of ths integration of
equation (8) for the elliptic whg of aspect ratio 6
are @ven in f’fgure17 as the parametgr

AChp ~ (ca/c)2
() 3. ~ ~~ + lJ_. va~~es

— —- -., ___
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( d 2

( ha)

Ca c
of AC SC ~ (k + 1) ~ determined as

in reference 3

Since

The value

are g~,venin figure 18.

&+ ba)m=(%)= - (“%),,

then

or

The formula for the parameter
()‘p ch~c

Is derived

for elliptic wings In the appendix, and numerical values

()
AC+4

are given in the form a in figure 3,
P.Chm ~

together with values for tapered wings derived from
the data of reference 2.

It may be noted that use of the parameter
()‘p C’LS

to

detemnlne the total correction for rolllng would be

()
impractical because ‘h is not proportional

p LS



. .

. .. . .()to Although the numerical values of
c%.. g:..,,.,........T ........._.T ()‘p ChM...

()
vary considerably with CA , the-”-actualeffect on

a 1.s
the stick forces Is small because “

()
changes most

()

‘P c%
with c%

0
when,the values of “ C are small.

ha= -
This effectL?s Illustrated in figure 19, in.which
numerical value’sof

()
ap c for a thin elllptic wing

‘Ls
of aspect ratio 6 are given, together with the values
obtained by lifting-line theory, the values obtatied by
applying the Jones edge-velocity correction, and the
values obtained by using the aileron midpoint rule
(reference 8). The values obtatied by the use of the
Jones edge-velocity correction are shown to be 4.4 percent
less than those obtained by the use of lifting-line theory.

The right-hand side of equation (9) is dividsd into
the following two parts:

Part I of the correction for rolling can be applied
to the static hinge-moment data as a change in the
effective angle of attack as in reference 2. (Also
see equation (2).) Part II of equation (9), however,
is applied directly as a change in the
coefficients,

Inasmuch as part II of equation (9) is

hinge-moment -

numerically
fairly small

(‘Ch &
= 0.002 for b = 0.1 for a

wing of aspect ratio 6~y lt need.not be applied at all
except for fairly large airplanes at.high speed.

1

,,,,
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Approximate Method of Extending Results

to Whge of Other Aspect Ratios

Damping in roll CZ .- In order to make the results

of practical value, It Is necessary to fcrmulate at least
approximate rules for extending the results for a thin
elliptic winS of aspect ratio 6 to wings of other aspect
ratios. There are lifting-surface-theory solutions
(references 4 and 9) for thin elliptic wings of A = 3
and A = 6 at a uniform angle of attack. The additional
aspect-ratio correction to c~ was computed for these
cases and was found to be approxtiately one-third greater
for each aspect ratio than the additional aspect-ratio
correction estimated from the Jonas edge-velocity
correction.

The additional aspect-ratio correction to C~p
for the electromagnetic-analogymodel of A = 6 was
also found to be about one-third greater than the
corresponding edge-velocity correction to CZP. A
reasonable methad of extrapolating the values of %p
to other aspect ratios, therefore, is to use the
variation of the edge-velocity correction with aspect
ratio as a basis from which to work and to increase the
magnitude by the amount required to give the proper
value of CZP for A= 6. Effective values of E

and Et (Ee ~d Ele) were thus obtained that would
give the correct values of C

%
for A = 3andA=6

and of Ctp for A = 6, The ormulas used for esti-
mating Eec ~d E’ec for other aspect ratios were

Eec = 1.65(EC - 1) + 1

E?ec = 1.65 (E~c - 1)+1

Values of Eec and Efec are

c’ nValues of & I1

are presented in figure 2 as
.

given in figure 16.

determined by ’using

a function of &/a.

Etec
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where AC= A #iii and a.
slope of’the section lift curve...........,.,.~,.

Hinge-moment parameter Ch=

27

is the Incompressible “
per degree.,.

9- In order to deter-

IUhe Chp fOI? Ot
J+

her aspect ratios, It 1s necessary to. .
esblmate the formulas for extrapolating the streamline-

( ha)curvature corrections “AC and
SC.

()

..
of AC~ for A = 3andA=6

Sc

()AC . Values% ~~”

are available in

reference 3. Values of
()
AC% might be expected to be

Sc
approximately inversely proportional to aspect ratio and

an extrapolation formula in the form
()
AC% .Ql-

?
A+K2

Is therefore considered satisfactory. The v: ues of K1

and K2 are determined so that the values of
()
AC%

for A = 3 and A= 6 are correct. Values of K1 ~nd K2
vary with aileron span. The values of K2, however,
for all aileron spans less than 0.6 of the semispan are
fairly close to 1.0; thus, by assuming a constant value
of K2 = 1.0 for all aileron spans and calculating
values of Kl, a satisfactory extrapolation fommla
may be obtained. It Is impossible to determine such a

formula for
()Achp Sc because results are available

only for A = 6; however, it seems reasonable to assume
the same form for the extrapolation formula and to use

the same value of ~ as for
()‘c% S(J●

The value

of “% can, of course, be detemined from the results

for A= 6.

Althou$h no proof is offered that these extrapolation
formulas are accurate, they are applied only to part II

of equation (9)
( ())
values of A C

%
, which.Is numerl-

LS
tally quite small, and are therefore considered justified.
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CONCLUDING EEWlRK8

.

From the results of tests made on an electromagnetio-
analogy model simulating a thin elllptio wing of aspect
ratio 6 in a steady roll, llftlng-surface-theoryvalues
of the aspect-ratio corrections for the damping in roll
and aileron hinge moments for a wing in steady roll were
obtained that are considerably.more accurate than those
given by llftlng-lihe theory. First-order effects of
compressibility were included in the computations.

It was found that the damping in roll obtained by
lifting-surface theory for a wing of aspect ratio 6
is 13 percent less than that glvenby lifting-line
theory and 5 percent less than that given by the
lifting-line theory with the Jones edge-velooity correc-
tion applied. The results are extended to wings of any
aspect ratio.

In order to estimate aileron stick forces from
static wind-tunnel data, it is necessary to know the
relation between the rate of change of hinge moments
with rate of roll and the rate of change of hinge
moments with angle of attack. It was found that this
ratio is very nearly equal, within the usual accuracy
of wind-tunnel measurements, to the values estimated by
using the Jonee edge-velocity correction, which for an
aspect ratio of 6 gives values 4.4 percent less than
those obtained by means of lifting-line theory. l?he
additional lifting-surface-theorycorrection that was
calculated need only be applied in stick-force esti-
mations for fairly large, high-speed airplanes.

Although the method of applying the results In the
general case is based on a fairly complicated theory, it
may be appIled rather simply and wfthout any referenoe
to the theoretical section of the report.

Langley Wmorial Aeronautical Laboratory
National Advisory Committee for Aeronautics

@ngley Field, Va.

.
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APPEmIx

EVALUATION OF
()‘P ChU

FOR EILIPTIC WINGS

It was shown in reference 2 that for constant-
percentage-chord ailerons the hinge momemt at any aileron
section Is proportional to the section lift coefficient
multiplied by the square of the w= chord; for constant-
chord ailerons, the hinge moment at any aileron section
is proportional to the section Mft coefficient dlvlded
by the wing chord. The factor

()‘P Chm
Is obtained

by averaging the two factors CZC2 and cz/c across
the aileron span for a rolling wing and a wing at
constant angle of attack. For elliptic wings, with
a slope of the section lift ourve of 2Tr, it was
shown In reference-6 that strip-theory values multiplied. .

Ac Ac
by aerodynamic-inductionfactors

.~or~

could be used. (Note that
%

is substituted for A
to account for first-order ef ects of compressibility.)
Thus, for constant-percentage-chordailerons on a rol15ng
elliptic wing,

and for the same wing at a constant angle of attack u

AC ●

Czca = p 5in2e c522Tra

In order to find
()aP ch~~ the integral

J
c~cz dy

across the aileron span must be equal for both the

.

.

. . . . . -------- .- __.. . . . .. ------ --------- . .. .. ---- . . .. . --



rolling w- and the wing at constant a. Thus,

%3tiedg=- ?2

Let

Then n

%+2 L/
s-ti3e Cos e de

()ap Chu ‘r=

/
sde de

e.

~ ~in%]et

‘s 4

[ 1
90

& aid% cos e + 2 cos e
3 ei

where 00 and ei are parameters that correspond to

the outboard and inboard ends of the aileron, respectively.

()
AC+4

Values of aP Chm ~ were calculated for the

outboard end of the aileron at & = 0.95 and plotted
b/2

In ftgure 3.

.
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... A s.imlqr...de,ve,lo~qqtg%y~?p for the constant-chord.. .
aileron, ,..

A

These values are also presented in figure 3.

— — .— . -. —



.- .—— .—— —- . . .

32 NACA ARR No ● L5F23

REFERENCES

1. Jones, Robert T.: Theoretical Correction for the
Lift of Elliptic wings. Jour. Aero. Scl., vol 9,
no. 1, Nov. 1941, pp. 8-10.

2. Swanson, Robert S., and Toll, Thomas A.: Estimation
of Stick Forces from Wind-Tunnel Aileron Data.
NACA ARR No. 3J29, 1943.

3. Swanson, Robert S., and Glllis, Clarence L.:
Limitations of Lifting-Line Theory for Estlmatlon
of Aileron Hinge-Moment Characteristics. NACA CB
No. 3L02, 1943. .
......-. . ......

. 4. Swanson, Robert S., and C~andall, Stewart M.: An
Electromagnetic-AnalogyMethod of Solvlng Llftlng-
Surface-Theory Problems. NACA ARR No. L5D23, 1945.

5. Swanson, Robert S., and Toll, Thomas A.: Jet-Boundary
Corrections for Reflection-Plane Models In
Rectangular Wind Tunnels. NACA JIRRNo. 3E22, 1943.

6. Munk, Max M.: Fundamentals of Fluid Dynamics for
Aircraft Designers. The Ronald Press Co., 1929.

7. Goldstein, S., and Young, A. D.: The Linear
Perturbation Theory of Compressible Flow with
Applications to Yllnd-TunnelInterference.
6865, Ae. 2262, F.M. 601, British A.R.C., July 6,
1943.

8. Harris, Thomas A.: Reduction of Hinge Moments of
Airplane Control Surfaces by Tabs. NACA Rep.
NO. 528, 1935.

9. Cohen, Doris: A Method for Determinhg the Caniber
and Twist of a Surface to Support a Given
Distribution of Lift. MICA TN No. 855, 1942.

-.



.s..

TABT2!I.-ExAMPLEOF STICK-FORCECOMPUTATIONS

[Valuesof Cl and Ch fromfig.9; valueaof pb12Vand Aa from~1~.10~
I

DeterminationotcorrectionsduetO
effectofroll Determinationof stickforces

Oa(dag) *4 I
28

I
212 *I6 8a(deg) I i4 *8

I
*12 i16

Firstapproximation,staticvalues ,

( )*~c16 0.0058 0.0111 0.0166 0●0208 1(Ch)6a -0.0038 -0.0080 -0.0145 -0.0290

l(w-8a -0.ms2 -0.0105 -0.0157 -0.0206 1 Ch .6a 0.0038 0.01120.0190 0.0235

cl 0.01100.0216 0.03230,0414 ch 0.0076 0.01920.0335 O;0525
b
2Pb/2V 0.02950.0575 0.08580.1095 Fa= 402ch S*O6 7.73 13.46 21.10
(As)c 0.95 1.86 2.78 3.55

Secondapppoxtiatlon

I(a)G
v

O*35 -0,65 -1.48 -2.25 l(a)ba 0.s4 -0061 -1.61 -2.46

lc~b o●0058 0.0111 0.01690.0212 1(% ba -0.0038 -0.0060-0.0053 -0.0062n
l(a)-~a 2.25 3.16 4.08 4.05 l(d-aa 2.26 3.21 4.21 5.06

1 c~)mba -0.0054-0.0111 -0.0170-0.0225 1Ch.ba 0.0052 0.0137 0.0168 0.0180

cl 0.01120.0222 0.03390.0437 ch 0.0090 0.01970.0221 0.0242
zPb12V 0.03000.0592 0009000.1160 F~ = 402Ch 3.62 7,92 8-88 9.73

(&a)Ch 0096 1.91 2.91 3.76 Fa + AFa 3.74 8.17 9.25 10.21

0.75pb/2V 0.0225 0.0444 0.0675 0.0870

lSubacrlptaare usedtoIndicateposltlveor negative ailerondeflectlona.
2The8evalueaof pb/2V arefora rlglaunyawedwing.

?/ATIOZL4LADVISORY
COMITTEB FOR AERONAUTICS
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(a) General setup.

Figure l.- Electromagnetic-analogy model simulating a semispan
of a thin elliptic wing of aspect ratio 6 in a steady roll.
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(b) Close-up showing search coil.

Figure 1.- Concluded,
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Figure 2.- Variation of damping coefficient with aspect ratio
and taper ratio in terms of slope of section lift curve for
incompressible flow (per degree). (Lifting-line-theory
values of reference 2 with an effective edge-velocity
correction applied. )
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Figure 3.- Values of AC+4
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— for various aileron

tlP 10catlonB. The correctionsof figure 4 must be
used with these values.
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Fjgure //. - S+/ck -force charucierjstjcs estjmated for- the

o/rp/une used for /he l//ustr~ five cxamp/e.
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